A B S T R A C T
Background. A convenient method to estimate the creatinine generation rate and measures of creatinine clearance in hemodialysis patients using formal kinetic modeling and standard pre-and postdialysis blood samples has not been described. Methods. We used data from 366 dialysis sessions characterized during follow-up month 4 of the HEMO study, during which cross-dialyzer clearances for both urea and creatinine were available. Blood samples taken at 1 h into dialysis and 30 min and 60 min after dialysis were used to determine how well a two-pool kinetic model could predict creatinine concentrations and other kinetic parameters, including the creatinine generation rate. An extrarenal creatinine clearance of 0.038 l/kg/24 h was included in the model. Results. Diffusive cross-dialyzer clearances of urea [230 (SD 37 mL/min] correlated well (R 2 ¼ 0.78) with creatinine clearances [164 (SD 30) mL/min]. When the effective diffusion volume flow rate was set at 0.791 times the blood flow rate for the crossdialyzer clearance measurements at 1 h into dialysis, the mean calculated volume of creatinine distribution averaged 29.6 (SD 7.2) L], compared with 31.6 (SD 7.0) L for urea (P < 0.01). The modeled creatinine generation rate [1183 (SD 463) mg/day] averaged 100.1 % (SD 29; median 99.3) of that predicted in nondialysis patients by an anthropometric equation. A simplified method for modeling the creatinine generation rate using the urea distribution volume and urea dialyzer clearance without use of the postdialysis serum creatinine measurement gave results for creatinine generation rate [1187 (SD 475) mg/day; that closely matched the value calculated using the formally modeled value, R 2 ¼ 0.971]. Conclusions. Our analysis confirms previous findings of similar distribution volumes for creatinine and urea. After taking extrarenal clearance into consideration, the creatinine generation rate in dialysis patients is similar to that in nondialysis patients. A simplified method based on urea clearance and urea distribution volume not requiring a postdialysis serum creatinine measurement can be used to yield creatinine generation rates that closely match those determined from standard modeling.
Keywords: creatinine, dialysis adequacy, dialysis dose, hemodialysis, nutrition
I N T R O D U C T I O N
Although modeling of hemodialysis adequacy has focused on urea, other solutes behave differently. Creatinine is representative of solutes that diffuse easily across dialysis membranes but not as easily across cell membranes, and its removal may be more representative of small molecular weight uremic toxins than urea. The fractional clearance of creatinine (Kt/V) can be monitored just like Kt/V urea , and standard Kt/V for creatinine can also be calculated in the usual fashion like that for urea. Similar to the urea nitrogen generation rate, which in stable patients is a surrogate for dietary protein intake, the creatinine generation rate, which is a surrogate for muscle mass and is also a positive indicator of survival, can be calculated using a creatinine kinetic model [1] [2] [3] [4] [5] [6] [7] [8] . While predialysis serum creatinine values correlate roughly with the creatinine generation rate, serum creatinine is also governed by dialysis treatment intensity and by residual native kidney function. Creatinine has been shown to have a greater degree of compartment disequilibrium during dialysis than does urea [2] , and its removal from the blood flowing through the dialyzer follows slightly different rules than urea, as creatinine appears to be removed only from plasma water [8] [9] [10] . In addition, although the extrarenal clearance of creatinine, previously estimated at 0.38 L/kg/24 h [1, 4, 11, 12] , is insignificant in normal individuals, it becomes a significant route of creatinine elimination when creatinine concentrations are high.
We developed an open source two-pool model for hemodialysis urea kinetics (Solute Solver) in 2009 [13] to facilitate and refine the monitoring of hemodialysis adequacy in patients undergoing a variety of treatment schedules. In this analysis, we modified Solute Solver to model creatinine kinetics. The availability of data from the HEMO study facilitated this. In the HEMO study, additional blood samples obtained during each dialysis session at month 4 of follow-up were used to test and validate the creatinine kinetic model assumptions. We also tested a simplified method for measuring the creatinine generation rate without the need for a postdialysis serum creatinine measurement.
M A T E R I A L S A N D M E T H O D S
We used a subset of the data obtained during the HEMO study follow-up month 4, focusing on sessions that included blood sampling for creatinine. In addition to predialysis and postdialysis urea and creatinine values, the following additional samples were available: a full-flow dialyzer inlet and outlet blood sample at 1 h, a slow-flow 1-h inlet sample, a 30-min postdialysis sample and, in $17% of patients, a delayed 60-min postdialysis sample.
Data from 1561 patients with a studied dialysis session during follow-up month 4 were available, but of these, only 471 had creatinine values (the decision to add creatinine analysis was made only after the HEMO study was well under way). Of these, 442 patients had complete sets of creatinine and urea values at all time points of interest. Exclusion of outliers was as follows: 1 patient with 13% weight change, 7 patients with a ratio of 1 h to predialysis blood urea nitrogen (BUN) < 0.20 and >30% difference between 1 h full flow and slow flow BUN samples, 3 patients with a ratio of 1 h to predialysis BUN > 0.85, 19 patients with a reported blood draw time for 1 h sample <50 min or >70 min, 12 patients with a 30-min post-BUN < post-BUN, 2 patients with a 30-min post-BUN > 1.6 Â post-BUN, 4 patients with a 30-min post-creatinine (Cr) < post-Cr, 1 patient with a 30-min post-Cr > 2.0 Â post-Cr, 20 patients with a dialyzer urea nitrogen extraction ratio <20% (urea nitrogen extraction ratio range of the remaining sessions was 40-97%) and 4 patients with a dialyzer creatinine extraction ratio <0. The 366 cases remaining were judged suitable for urea and creatinine kinetic analysis, 202 randomized to the conventional-dose arm of the HEMO study and 164 to the high-dose arm. Data from the two groups were combined. Native kidney (residual) creatinine clearance was not measured in the HEMO study; residual urea clearance was available and was nonzero in 140/366 cases, the mean value being 0.73 (SD 0.41) mL/min. We estimated residual creatinine clearance in these patients to be 2.2 Â urea clearance; 2.2 was the mean ratio of creatinine to urea clearance in the Frequent Hemodialysis Network Daily Trial where both clearances were measured [14] .
Urea and creatinine cross-dialyzer clearances at 1 h were computed as the extraction ratio multiplied by the volume of flow through the dialyzer that is available for diffusion (the effective diffusion volume flow rate). In the case of urea, this was assumed to be 89.4% of the blood flow rate (corrected for prepump pressure effects by a previously described correction algorithm) [15] . In the case of creatinine, the effective diffusionvolume flow rate through the dialyzer was taken to be 1.27 Â the plasma water flow rate, as suggested by Gotch et al. [8] , or 0.791 Â the blood flow rate. Because individual hematocrit values on the day of the modeling session were not available, the hematocrit was assumed to be 33%. Although it is accepted that creatinine is removed only from plasma during passage through the dialyzer, equilibration of creatinine between red blood cells and plasma prior to sample processing requires a higher effective (diffusion-available) flow rate through the dialyzer to account for the artificially reduced cross-dialyzer extraction ratio due leakage of creatinine from red blood cells [8, 12, 13] . According to the HEMO study manual of operations, centers were instructed to leave the samples to clot for 'at least 30 minutes (but no longer than 1-1/2 hours)' (Manual of Operations, October 1997, section 10.4, p. 308) [16] . Thus we assumed that substantial equilibration between red blood cells and serum creatinine had occurred prior to and during blood sample centrifugation.
A modified version of Solute Solver, a previously described two-pool software program for urea kinetic modeling [13] , was used to determine the creatinine distribution volume, fractional creatinine clearance (spKt/V and eKt/V) and creatinine generation rate. Briefly, the program applies a numerical solution to determine solute concentrations in both a proximal (e.g. 'extracellular') and a distal (e.g. 'intracellular') compartment under conditions of volume removal only from the proximal compartment. The ratio of the proximal to distal compartment volumes at the end of dialysis was assumed to be 1:2 (1/3-2/3). Because solute diffuses from the distal to the proximal compartment during dialysis, dialyzer and residual native kidney functions effectively remove solute from both compartments. The rate of diffusion between the two compartments was expressed as a clearance (Kc) that was set as a multiple of the end-dialysis distribution volume to account for
Based on the previous analyses of urea kinetics, Kc for urea (in mL/min) was set at 16Â the postdialysis urea distribution volume (in L). For creatinine, Kc was adjusted by iteration until the population averages for modeled serum concentrations at 1 h into dialysis and at 30 min and 60 min postdialysis matched the laboratory values as closely as possible. The model was used to compute, among other values, the (two-pool) creatinine generation rate as follows: an initial estimate was assumed and then a weekly solute concentration profile was generated. The modeled predialysis serum creatinine value on the measurement day of the week was then compared with the measured value, and if too low or too high, the generation rate was adjusted accordingly. This process was continued until the modeled and measured predialysis values coincided.
The modeled creatinine generation rate was compared in each patient to a predicted creatinine excretion rate from an anthropometric equation developed by Ix et al. [17] in nondialysis patients. The modeled creatinine generation rate (in mg/kg/ day) was also compared with the creatinine index suggested by Canaud et al. [18] . We also tested a simplified model to predict the creatinine generation rate. In this mode, predetermined values for urea clearance Â time (Kd-urea Â Td), V-urea and predialysis serum creatinine were used to model creatinine kinetics. An assumption was made that the distribution volume for creatinine was 0.95Â the urea volume and that the in vivo dialyzer K 0 A for creatinine was 0.67Â the in vivo dialyzer K 0 A for urea. The 0.67 ratio for the K 0 A values was determined from simultaneous measurements of cross-dialyzer creatinine and urea clearances at 1 h using the Michaels equation [13] . The simplified model computed the weekly creatinine concentration profile using these values, calculating a postdialysis serum creatinine value for each treatment. The creatinine generation rate was obtained by iteration to match the predicted predialysis serum creatinine value with the laboratory value as in the standard approach. The creatinine generation rate calculated using this simplified approach was then compared with the standard approach in which the cross-dialyzer measured clearance of creatinine and the predialysis and postdialysis measured serum creatinine values were included in the model. In all computations involving the Michaels equation and estimations of diffusive versus total dialyzer clearance, 0.623 was used as the diffusible volume flow fraction for creatinine and 0.894 was used for urea.
R E S U L T S
Patients randomized to the standard-and high-dose arms were combined in this analysis, but stratified by sex ( Table 1 ). The magnitude of residual kidney function in these patients was minimal, as per trial design. The mean cross-dialyzer clearance (including ultrafiltration) for urea was 230 (SD 37) mL/min, while it was considerably lower for creatinine [164 (SD 30) mL/ min]. The two dialyzer clearances were highly correlated ( Figure 1) ; the usually obtained kinetic modeling values for urea and creatinine are given in Table 2 . The modeled distribution volume for creatinine was similar to that for urea (Figure 2 ), the Table 2 ). When estimating the intercompartment clearance by comparing modeled versus actual values of creatinine at 1 h and then at 30 min and 60 min postdialysis, a constant volume multiplier to calculate Kc did not quite fit the mean measured value of serum creatinine at all three time points. When Kc was set to 8.0 mL/min/L of postdialysis creatinine distribution volume, the fit for mean values of creatinine was optimal for all three time points (mean values of modeled 1 h and postdialysis serum creatinine values are shown in Figures 3 and 4 , and SDs and percent errors are shown in Tables 2 and 3 ). The two-pool creatinine generation rate averaged 0.821 (SD 0.322) mg/min, or 1183 (SD 463) mg/day. As expected, the modeled creatinine generation rate correlated with the predialysis serum creatinine value, but with considerable scatter (data not shown). When the equation reported by Ix et al. [17] was used to compute an estimated 24-h creatinine excretion rate in these same patients, the mean value was quite similar, 1174 (SD 299) mg/day, R 2 ¼ 0.41, Figure 5 . Both the anthropometric (Ix et al.) estimate of creatinine generation as well as the modeled value were higher in men than in women (anthropometric, þ451 mg/day; modeled, þ380 mg/day). The creatinine [18] from patient demographics and urea single-pool Kt/V, and which is expressed as mg/kg/day of creatinine generation, was substantially higher (by $24%) than the value computed from two-pool modeling (P < 0.001), although the two measures of creatinine generation were modestly correlated (R 2 ¼ 0.44; Table 2 ). We also compared the generation rate of creatinine (G-creat) computed from the simplified method that does not require a postdialysis serum creatinine measurement, as described above, with the conventional approach using the directly measured cross-dialyzer creatinine clearances and predialysis and postdialysis serum creatinine values. This comparison is shown in Figure 6 ; the percent error plotted against the modeled G-creat value is shown in Figure 7 . The mean value for G-creat by the simplified approach was 1187 (SD 475) mg/day, mean percent error was 0.374 (SD 6.57) and median percent error À0.103. The simplified G-creat value was not significantly different from the modeled G-creat obtained using the classical approach [1183 (SD 463)].
We compared patients in the conventional-dose arm (n ¼ 202) with those in the high-dose arm (n ¼ 164) of the HEMO study to assess the degree of separation of eKt/V and standard Kt/V. For urea, the values for eKt/V were 1.16 6 0.14 and 1.55 6 0.20, respectively, a 34% mean difference in dose. For creatinine, the respective values for eKt/V-creatinine were 0.82 (SD 0.10) and 1.07 (SD 0.14), a 29% separation. Values for total standard Kt/V-urea as well as standard Kt/V-creatinine were less well separated between conventional and high dose groups, 2.35 (SD 0.24) versus 2.74 (SD 0.2) for urea and 2.05 (SD 0.40) versus 2.39 (SD 0.44) for creatinine, a separation of 17% for each solute.
D I S C U S S I O N
Our results indicate that creatinine kinetic parameters can be accurately determined using a two-pool hemodialysis model similar to the urea kinetic model. Only two changes were required: (i) when computing cross-dialyzer clearance, the effective diffusion volume flow rate through the dialyzer had to be reduced from 0.894 Â blood flow rate for urea to 0.791 Â blood flow rate for creatinine, and (ii) the body size adjustment for intercompartment creatinine clearance had to be reduced from 16 to 8.0 Â the postdialysis solute distribution volume (when Kc is measured in mL/min and the distribution volume is measured in liters). The resulting value for Kc predicted both the 1-h intradialysis level of serum creatinine as well as the 30-min and 60-min postdialysis samples reasonably well. In addition, we added an extrarenal (gut) clearance of creatinine, which amounted to $1.85 mL/min for a 70-kg person as suggested by Mitch et al. [11, 12] . This raised the creatinine generation rate by $15%, to levels that were similar to those found in nondialysis patients as predicted using an equation developed by Ix et al. [17] . Our creatinine generation rate was $20% lower than that computed using the estimating equation suggested by Canaud et al. [18] . We believe that the most likely explanation for this is a combination of the use of single-pool instead of two-pool modeling by Canaud et al. and a possible overestimation of dialyzer creatinine clearance. In an earlier publication, Canaud et al. found that their method of blood side modeling overestimated the amount of creatinine recovered using partial dialysate collection by 20% [1] , similar to the degree of overestimation of the creatinine generation rate by their estimating equation compared with our modeled value.
One limitation of our study was that all modeling for creatinine was done via blood samples only; dialysate creatinine was not collected. The creatinine concentration in blood samples during dialysis is known to be affected by delayed equilibration between red cells and plasma after blood drawing, which is temperature dependent. This is known to affect both the dialyzer Table 2 . [8] [9] [10] . In an attempt to circumvent this limitation when calculating cross-dialyzer clearances for creatinine, we used a value for effective diffusion volume flow rate through the dialyzer (Qecr) that was 1.27 Â the plasma flow rate (or 0.791 Â blood flow rate in the present analysis in which we estimated the intradialysis hematocrit at 33%), as recommended by Gotch et al. [8] . When Qecr was set at this value for the cross-dialyzer clearance measurements, the resulting average calculated volume of distribution for creatinine was similar to that for urea ($5% less) and the postdialysis volumes of distribution for urea and creatinine averaged 85% and 90% of the Watson anthropometric estimate of total body water [19] .
Descombes et al. [9] found that serum inlet samples obtained after dialysis was well under way and that were completely equilibrated had a creatinine concentration higher by 3.8% on average compared with unequilibrated serum samples. Thus it is possible that the postdialysis as well as the 1-h intradialysis serum creatinine measurements in our patients were overestimated by a similar amount. An overestimation of this magnitude (4%) in the postdialysis serum creatinine value would slightly reduce eKt/V-creatinine (by $4%), would also cause an overestimation of the creatinine distribution volume by a FIGURE 6: Creatinine generation rate by two different modeling methods. On the horizontal axis is the value from input of cross-dialyzer measured creatinine clearance and both predialysis and postdialysis serum creatinine values. On the vertical axis is the so-called simplified method, where the creatinine generation rate is calculated using 95% of the modeled postdialysis urea distribution volume, the adjusted, measured cross-dialyzer urea clearance and only the predialysis serum creatinine as inputs. C r e a t i n i n e k i n e t i c s a n d g e n e r a t i o n r a t e similar amount and would overestimate the creatinine generation rate by $2%. It is also possible that we overestimated the urea distribution volume slightly. We used 0.894 as the effective flow fraction for urea. This is based on the assumption of some urea binding to hemoglobin and an erythrocyte urea distribution volume of 0.80. The true erythrocyte water fraction is only 0.72, and erythrocyte binding to urea has been disputed [7] . For a hematocrit of 33%, the overall effective diffusion volume flow rate for urea without urea binding to hemoglobin would be 0.86 Â Qb and not 0.894 Â Qb. Use of the lower effective diffusion volume flow rate would reduce the urea distribution volume by 0.86/0.894 ¼ 0.96, or $4%.
When the modeled generation rates in the HEMO study patients are compared with the values derived from an estimating equation in normal individuals proposed by Ix et al. [17] , it appears that dialysis patients have a similar creatinine generation rate to that in nondialysis subjects, although the slight overestimation of creatinine generation rate due to red blood cell release of creatinine to the postdialysis sample must be kept in mind. Our results confirm the previous findings that extrarenal elimination of creatinine needs to be taken into account [1, 4, 11, 12] . If this is omitted from the kinetic model, the mean creatinine generation rate in the HEMO study patients would be reduced to 85% of the value predicted by the Ix et al. equation.
One problem with monitoring the creatinine generation rate in dialysis clinics that perform urea kinetic modeling is that the postdialysis serum creatinine often is not routinely measured on the modeling day, although predialysis serum creatinine usually is measured monthly. For this reason, we devised a method to simplify measurement of the patient's creatinine generation, a method that is similar to the urea version of Solute Solver that was designed to accommodate online conductivity clearance and volume as inputs. In the simplified creatinine method, the user enters a value for 'KT' as Kd-urea Â Td, and also the value for the modeled urea distribution volume. The program then internally computes an in vivo dialyzer K 0 A for urea, from which an in vivo dialyzer K 0 A for creatinine is calculated, and the latter is then used to estimate dialyzer creatinine clearance at the input values of blood, dialysate and ultrafiltrate flow rates. The creatinine distribution volume is estimated from the urea distribution volume and the program determines the postdialysis serum creatinine for each dialysis day of the week. The creatinine generation rate is estimated in the usual fashion, adjusting an initial estimate upwards or downwards until the modeled and measured predialysis serum creatinine values on the sampling day of the week coincide. When this was done, the modeled value for the creatinine generation rate calculated according to the simplified model closely matched values based on measured cross-dialyzer creatinine clearances and both preand postdialysis serum creatinine measurements. The success of this strategy suggests that the patient's creatinine generation rate can be monitored as part of regular urea modeling, with the need for only a predialysis serum creatinine value on the modeling day.
Our study has a number of limitations. We relied on a standard proximal-distal compartment model with volume ratios fixed at 1:2. This volume ratio was not optimized on a per patient basis. We also assumed that the intercompartmental creatinine clearance Kc was a multiple of the modeled postdialysis creatinine distribution volume (similar to the calculation of the Kc for urea in the HEMO study). The Kc coefficient was derived by fitting the population means for the 1-h measured intradialysis and the 30-min and 60-min measured postdialysis serum creatinine values to the modeled values. The adjustment was individualized per patient, but only to the extent that each patient's modeled creatinine distribution volume varied. It is possible that individual patients may substantially deviate from these assumptions, but in the absence of repeated measures, the extent of such deviation was not determinable. Finally, the value for extrarenal creatinine clearance, 0.038 L/kg/day, used in the model was not measured but was based on the average values measured by Mitch and Walser [11, 12] ; these investigators found that extrarenal creatinine clearance varied substantially among patients, but there was no way to determine this value individually for each patient based on the blood samples available during the modeling session.
When using the described modeling tools, the postdialysis serum creatinine blood sample should be left to 'sit' for at least 30 min and preferably for $1 h before centrifugation, to allow for equilibration of creatinine between red blood cells and plasma. Because of this equilibration issue, the computed creatinine distribution volume may be slightly ($4%) overestimated, which will also lead to a slight overestimation of the creatinine generation rate. For consistency, this 30-60 min delay prior to centrifugation of postdialysis blood should be maintained for all samples.
In summary, our results provide a method for modeling creatinine kinetics that should be relatively easy to do in clinical practice when urea modeling is part of the monitoring program. We believe that the main potential benefit gained from examining creatinine kinetics is measurement and monitoring of the creatinine generation rate [1, 3, 6, 18] . Such measurements might give additional insights into the patient's nutritional status and/or lean body mass. Accelerated decreases in creatinine generation may serve as a warning sign of ill health and impending poor outcome [18] . The clinical utility of monitoring the creatinine generation rate as a surrogate of lean body mass and predictor of outcomes is a subject for further research; the methods described in the present report should facilitate endeavors in this regard.
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